per unit leaf area. We hypothesize that alpine plants profit more from enhanced CO2 levels than lowland plants (Fig 7) .
Introduction
Alpine plants live in an environment commonly described as cold and windy, with high radiation, reduced partial pressures of 02 and CO2 and only brief periods supportive of growth and development of organisms (e.g. Billings & Mooney, 1968; Franz, 1979; Larcher, 1983) . These increasingly adverse conditions restrict higher plants to elevational limits, which vary regionally and interspecifically. It is not clear which environmental constraints or plant processes are important or decisive for plant success at high elevation. The majority of alpine plants tolerate site-specific frost conditions within a substantial leeway towards lower temperatures (cf. Pisek, Larcher & Unterholzner, 1967; Larcher, 1980 Larcher, , 1985 Sakai & Larcher, 1987) . A number of other factors may be limiting, including the ability to establish seedlings, the availablity of water, carbon dioxide and mineral nutrients and the maintenance of essential metabolic and biosynthetic processes under adverse conditions. Our present contribution to the understanding of high elevation plant functioning aims to elucidate the carbon dioxide question in perennial herbaceous plants.
The history of photosynthesis research in mountain plants can be traced back almost a century (Pisek, 1960; Billings & Mooney, 1968) . The majority of these investigations, revealed relatively high photosynthetic rates. A number of publications compared low and high elevation plants from the same climatic region. Maximum rates of C02-assimilation in forest trees from different altitudes measured at, or converted to, natural local CO2 partial pressures, were found to be equal (Beneke et al., 1981) or lower at high elevation (Pisek & Winkler, 1958; Slatyer & Morrow, 1977; Tranquillini & Havranek, 1985) . No significant differ- In the present analysis, we investigated plants of similar life form, within the same geographic region, at similar phenological stage, without interference from water stress and within their specific elevational center of abundance. No attempts were made to investigate intraspecific altitudinal differences, since this necessarily would include comparisons at sites of optimal and marginal life conditions of every species, which was not the aim of this paper. The same methods and instruments were used, at both high and low altitude, within a short period of time, to further reduce experimental noise. The purpose of this investigation was to ascertain in the field, whether and how: (1) photosynthetic capacity and photosynthetic light and temperature responses differ in low and high altitude herbaceous plants and how this correlates with the microclimatic conditions; as well as (2) how efficiently carbon dioxide is utilized in groups of closely related plant species at different altitudes.
Sites and plant species
Both the low and high elevation experimental sites are in the vicinity of Innsbruck (47 0N 11 0E). Some relevant site characteristics are summarized in Table 1 . Plant species investigated here are listed in Table 2 .
The low elevation plant species were studied in two locations within the suburban belt of Innsbruck. Plots were weeded, so that leaves of the experimental plants developed under full sunlight as they do at high elevation. The soil, loamy brown earth derivative with pH between 6 and 7, was moist throughout the study. The species employed here comprise typical elements of the meadow and forest-edge flora of the Inn river valley. The populations studied consist of individuals that germinated spontaneously in the test area and individuals that were transplanted from a wet meadow in sod blocks 2-5 yr prior to the experiments.
High elevation plants were studied on Mount Glungezer, one of the peaks around Innsbruck that protrudes into the subniveal zone. Here populations of about 80 species of phanerogams that grow throughout the rock-and fellfields of the Central Alps are present (Bahn & Kdrner, 1987) .
The site was first used for gas exchange studies by Cartellieri (1940) and provides a variety of exposures ranging from the edge of a permanent snow bank to thermally favoured South flanks, within short distance of a permanent field station. Soils are derived from silicaceous schist and amphibo- Mean air temperature estimated from data of nearest meteorological stations (QC). annual average 8 0 -2 0 (-10OK) warmest month (July) 18 0 5-0 (-13 0K) Mean annual precipitation (mm) 870 >1000 Mean number of days with snow cover c 80 c 220 (+175%) Vegetative active period (months) c 6 c 3 (-50%) (April-September) (mid June-mid September)
Period of highest biological activity mid May-June July-mid August at high altitude were measured in 2 min intervals and recorded as hourly means. The CO2 content of the air was recorded continuously at each elevation for 10 days in June and July with an infrared gas analyser (225 MK3, ADC, Hoddesdon, England) and a chart recorder. Means for daylight hours were determined from integrals between 0500 and 1900h.
Gas exchange studies. All measurements were made in the field, using a portable, steady-state gas exchange system (FG-02, Armstrong Enterprises, Palo Alto, California) as described by Field, Berry & Mooney (1982) and Atkinson, Winner & Mooney (1986) . In this system, the rates of transpiration A major aspect in the treatment of data in this study is the influence of atmospheric pressure.
The use of mole fraction units for gas concentrations (for all practical purposes, the partial pressure of a gas species divided by total pressure) leads to pressure independent expressions of leaf conductance (G) -that is to say, the conductance of pores of a particular size does not depend on the pressure at which the measurement is made.
However, for the comparison of ECU at different elevations, it is important to know the actual partial pressure of CO2 (CPI) present at the mesophyll surface. This is derived by multiplying the mole fraction of CO2 inside the leaf by total ambient (local) pressure.
Similar considerations apply to the estimation of transpiration rates from leaf conductances (G) and a moisture gradient. At equal vapour pressure difference, temperature and stomatal opening, the rate of transpiration will be higher at high elevations due to the higher diffusivity of water vapour in air. However, at equal mole fraction difference, temperature and stomatal aperture, the rate of transpiration will be the same at all elevations and so will the conductance, as defined by Cowan (1977) . Thus, any observed differences in conductance are due to differences in the dimensions of the diffusion path.
Since we attempted to compare leaves at their physiological optimum, it was imperative to select mature fully developed leaves. At low altitude visual estimation of leaf age is much easier than at high elevation. Colour and lustre of leaves undergo more dramatic changes and are more conspicuous in low altitude herbs. Leaves selected to be fully expanded and just mature varied little in ECU.
However, at high altitude post-maturity stages are often difficult to detect visually. A further problem arises at high altitude from after-effects of frost. class at low altitude is largely due to the screening of the horizon by mountains, which extends Temperature. Ambient temperatures for the periods considered here differed less than longterm annual differences (compare Table 1 and Table 3 ). This is even more pronounced in plant canopy temperatures. However, evaluation of temperatures with respect to photosynthetic activities, requires incorporation of the concurrent radiation regime. Enhanced radiant heating at high elevation causes a pronounced asymmetry of the temperature distribution, whereas the distribution at low altitude is almost perfectly normal (Fig. 2) .
At QFD below 500 Lmol m-2 s-1 temperatures between 15 and 20'C are five times more frequent at low elevation (Fig. 3) . However, at QFD above 1500 Lmol m-2 s-1 the frequency ratio for such temperatures between the low and high elevation site is only 3:2, and the median of temperatures in this range differs by only 3 3 K among sites. Cartellieri (1940) and Moser (1965) .
Alpine species require about one tenth of full sunlight to reach 50% of photosynthetic capacity, which is less than required by low elevation species. Due to the restricted number of species and the incorporation of such different response types as R. glacialis and D. clusii, the altitudinal differences obtained here are statistically insignificant.
Photosynthetic response to temperature
Altitudinal 'differences in the temperature response of photosynthesis are small (Table 5 ).
The mean difference among sites amount to only Number of species in each group = 12; differences of variances between groups are not significant at the 5% level (F-test) . Significance of group differences was tested by Student t-test. phyll) resistance at the operating point, the difference in the relative gas phase limitation among sites is smaller: 23% at low altitude and 28% at high altitude. Since the latter approach is devoid of extrapolation to higher CPI, it may be more realistic (Jones, 1985) .
As summarized in Table 7 (Table 6 ). Both, overall leaf thickness and palisade layer thickness increase by 66 and 76% respectively with altitude (Table 7) .
Preliminary results of a broad survey of mesophyll surface:leaf area ratios indicate significantly higher ratios (+30%) for high elevation plant communities. Mean total leaf nitrogen content per unit leaf area is higher by 34% in alpine taxa but is similar on a dry weight basis. Inversely correlated to the increase in thickness is specific leaf area (SLA), which is reduced by 28% at high altitude.
Pooled correlations between these parameters for mountain and lowland species are depicted in Table 8 . ECU correlates well with SLA and NLA (nitrogen content per unit leaf area). The correlations between ECU and thickness parameters are significant on the 5% level but scatter is sub- We find that differences in photosynthetically effective radiation and temperature regimes at the two altitudes are much less than commonly assumed (cf. Kdrner & Cochrane, 1983) . This is reflected in observed photosynthetic responses.
The temperature and light responses of A indicate that plants at either elevation are well adapted to utilize the warmest and brightest periods rather than average conditions, although the former comprise only 25-30% of all daylight hours at both elevations. Relatively high temperature optima of A for alpine herbaceous plants have previously been described by Mooney and Billings (1961) , Moser (1970 Moser ( ), K6rner (1982 and others. These results are in contrast to observations in forest trees. Since trees are more closely coupled to ambient temperature, they exhibit steeper elevational gradients of optimum temperature for photosynthesis (e.g. Fryer and Ledig, 1972; Slatyer and Morrow, 1977) . Chapin and Oechel (1983) report similar observations for an arctic tundra sedge transplanted to thermally different environments. In a quantitative analysis of the relative importance of temperature and QFD for annual carbon yield of Carex curvula All., Korner (1982) showed that QFD is much more important than temperature. Suboptimal QFD at leaf level restricts yield by 40%, compared to 8% as a result of suboptimal leaf temperatures. Moser (1970) and Scott, Hillier & Billings, (1970) arrived at similar conclusions for alpine plants. In arctic taxa direct effects of temperature do not influence carbon yield significantly either (Chapin, 1983) .
Our data show that interspecific and/or micro- Table 7 ). It is possible to estimate a mean difference of + 20% for alpine taxa if CPA were 251
VFbar at both elevations (which equals present ambient CPA at 2600 m altitude). For extrapolation to higher CO2 levels the curvature of the A/CPI curve needs to be taken into consideration.
CO2 saturated A (CPI > 500 VFbar) is approximately 50% higher in alpine versus low elevation species. This confirms estimates of elevational differences of A at 1% C02 by Nakhutsrishvili and co-workers (Nakhutsrishvili, 1974) in the Central
Caucasus. When exposed to high CO2 for 5-10 min sub-niveal plants exhibited 70% higher CO2 saturated A than sub-alpine plants (n = 11, P < 0 05). A at ambient CPA did not differ significantly in their study. Schulze et al. (1985) (Madsen, 1973) . However, alpine plants exhibit thicker assimilatory tissues (high in nitrogen) which favour higher rates of CO2 uptake per unit leaf area (Nobel & Walker, 1985) .
Mechanisms leading to this morphological expression are still largely speculative. Differences in QFD between sites are too small to account for the substantial differences in leaf structure observed at both elevations. However, there may be a genotypic selection for thinner leaves in low elevation plants since competition for light is greater at low altitude than at high altitude. In the short-term ultraviolet also does not appear to affect alpine plant structure (Caldwell, 1968) . If low mean temperatures alone were responsible for thicker leaves, one would expect similarly positive effects on A in arctic plants which is not the case Pisek, 1960; Billings & Mooney, 1968; and others Korner, Bannister & Mark (1986) in the mountains of New Zealand. However, the possibility that the specific carboxylation efficiency at the biochemical level among low and high elevation taxa is altered still exists. Von Caemerer & Farquhar (1981) Downton, Bjbrkman & Pike, 1980; Wong, 1980; Von Caemerer & Farquhar, 1984) . Perhaps the opposite effect holds for long-term exposure to reduced CO2.
Elevated atmospheric C02 levels -more effective for high altitude plants?
The question whether plant life at high altitude is particularly limited by CO2 supply has attracted ecophysiological researchers for many years (Decker, 1959; Billings et al. 1961; Milner, Hiesey & Nobs, 1963; Mooney et al. 1966; Gale, 1973) .
Mainly technical constraints made it difficult to approach this problem in the past with adequate accuracy in the field. The data presented here permit an experimental verification of theoretical considerations by Gale (1973) and Cooper, Gale & LaMarche (1986) . The latter authors discussed the hypothesis of LaMarche et al. (1984) that increased CO2 levels in the atmosphere could explain pronounced increases in tree ring width at high elevations where CO2 limitation is supposed to be greater than at low elevation. Against this expla-M. Diemer nation it was argued that negative effects of altitudinally decreasing CPA on A will be diminished or offset by reduced gas diffusive resistance at lower total pressures. Hence, the question was whether
(1) CPI decreases with increasing altitude proportionally to the decline in CPA or (2) remains at comparatively higher level because CO2 influx is facilitated.
Our data suggest a third alternative, namely a reduction in CPI relative to CPA largely due to an increased efficiency of carbon dioxide uptake by the mesophyll. The possibility of physiological or morphological alteration in the assimilatory tissue was not taken into account in the abovementioned discussion. Although our study revealed a relative constancy of A over a gradient of 2000m of elevation, this was not due to the diffusion effects stressed by Gale (1973) would cause CPA to rise by 95 pLbar at our 600m site and by 75 pLbar at our 2600m site. Mean CPI from our regression over CPA would then amount to 227 pLbar at high and 325 pLbar at low altitude.
The estimated gain in A under the given assumptions would amount to 21% at low elevation and 31% at high elevation (Fig. 7) . For higher increments in CPA the relative increase in A of alpine versus lowland species becomes larger because the response in low elevation species levels off earlier.
An additional 100 p 1-1 of C02 would increase A by 9% at low elevation and 21% at high elevation.
It is necessary to emphasize that these are purely physiological estimates derived from instantaneous plant response characteristics. Over the However, our estimates indicate -at least trendwise -that mountain plants should profit more from increased global CO2 levels than lowland plants.
